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ABSTRACT 
Nanocomposites have been receiving a lot the attention in the last decade from 
both industry and academia, since a small amount of nanofiller can significantly 
improve the materials properties. In the field of thermoplastics, polypropylene (PP) is 
one of the most used materials , due its easy processability, good balance of mechanical 
properties, and low cost. However, PP has certain shortcomings such as poor gas barrier 
and low thermal stability which limit its application. In order to be classified as 
nanocomposite the material needs to have at least one phase with one dimension less 
than 100nm. The properties achieved by nanocomposites will depend on the type of 
polymer, type of dispersed phase (filler), surface interaction between filler and polymer, 
and the production method. Nanofillers present many shapes and sizes, but they can be 
grouped in nanoparticles, nanotubes and nanoplates.  
Montmorillonite (MMT) is a clay that has been extensively studied to produce 
PP nanocomposites, due to its availability, high aspect ratio, high modulus and high 
cation exchange capacity, characteristics that result in composite with improved 
properties. Three different morphologies can be observed in PP/MMT nanocomposites: 
agglomerates (similar to the conventional composites); intercalated; or exfoliated. 
Among these morphologies, exfoliation is the most desirable and the hardest to be 
achieved in PP/MMT nanocomposites.  
Several methods have been used to produce PP nanocomposites. They can be 
grouped in three main groups: solution blending; melt processing; and in situ 
polymerization. In order to produce an exfoliated nanocomposite, some methods have 
assisted the exfoliation using supercritical fluids. Supercritical carbon dioxide is by far 
the most explored one.  
Polypropylene is a semi-crystalline polymer and its properties rely on amount of 
its crystallinity, which is related to its stereochemical configurations. Isotactic PP and 
syndiotactic PP result in a semi-crystalline polymer while atactic results in an 
amorphous polymer. Two catalyst systems can be used to produce isotactic PP: 
Metallocene and Ziegler-Natta (ZN).  
This research study was carried out in order to develop an appropriated process 
to produce PP/MMT nanocomposites with a high level of exfoliation using in situ 
polymerization assisted by supercritical propylene. The main idea is to use supercritical 
propylene to treat the montmorillonite before polymerization. In this process, the small 
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molecules of propylene diffuse inside the clay galleries under supercritical conditions 
(high pressure and temperature) until reaching complete saturation. Once this saturation 
is reached the mixture of polypropylene and clay is catastrophically decompressed and 
fed into an autoclave reactor. The propylene polymerization reaction is them catalyzed 
by ZN catalyst. The pressure of the mixture of propylene-montmorillonite from the 
supercritical condition to the reactor autoclave decreased significantly, allowing 
propylene to expand and exfoliate the clay as it was fed in the reactor. Propylene in 
supercritical conditions was used in this works because it is the monomer for the 
subsequently polymerization and because its good properties at supercritical conditions. 
In order to evaluate the results the following methods were used: transmission 
electron microscopy (TEM) to investigate the nanoscale sample morphology and 
evaluate the clay exfoliation, X-ray diffraction (XRD) to determine interlamellar 
distance, d001, of the clay, differential scanning calorimetry (DSC) to determine the 
amount of crystallization of polymer and composite, thermogravimetric analysis (TGA) 
to determine composite clay content, scanning electron microscopy (SEM) to evaluate 
the morphology, and clay swelling test to evaluate the compatibility among various 
pairs clays-solvent. 
The first part of this work evaluated the interaction and swelling effects of 
different pairs of clay-solvent with or without sonication. This was necessary in order to 
choose the best clay to carry out the study. Four solvents with different polarity 
(chlorobenzene, toluene, cyclohexane and hexane) and eight clays (seven organically 
modified and one unmodified) were evaluated with or without sonication. Closite 15A 
and 93A presented the best results with different solvents and they were selected for 
further experiments. The experiments also showed that sonication improves the swelling 
of the clay.  
Initial screening of the polymerization reaction was carried out using two 
conditions: feeding supercritical propylene without clay and adding clay without the 
addition of supercritical fluid.  
The addition of supercritical propylene did not modify the morphology and 
properties of PP in comparison to the normal polymerization. The addition of Cloisite 
15A or Cloisite 93A (pre-treated with toluene, not with supercritical propylene) 
produced nanocomposites. Although Cloisite 15A showed better results on the swelling 
tests, Cloisite 93A presented much better polymerization yield, therefore it was selected 
for further investigation using treatment with supercritical propylene. Cloisite93A was 
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submitted to a treatment under four different supercritical propylene conditions 
(temperature and pressure) for thirty minutes. Each mixture was subsequently fed to the 
reactor through a catastrophic expansion inside an autoclave reactor running a 
propylene polymerization reaction. The results from XRD and TEM show a significant 
improvement on the exfoliation when treating the clay under supercritical propylene 
conditions followed by in situ polymerization, as compared to the in situ polymerization 
without treating the clay with supercritical propylene. In conclusion, the utilization of 
supercritical propylene has improved the dispersion of the clay at the nanoscale during 
the preparation of these nanocomposites by in situ polymerization. 
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1 INTRODUCTION 
1.1 Motivation 
Polypropylene (PP) is one of the most widely used thermoplastics in the world 
due to its combination of easy processability, good balance of mechanical properties 
and low cost [1]. The extraordinary versatility of different polypropylene grades, 
including its homopolymers and both copolymers (block and random) are suitable for a 
wide variety of applications, such as fibers, films, injection and blow molded parts and 
many others. However, polypropylene has certain shortcomings that limit its use in 
some applications. One of these limitations is its poor oxygen barrier that prevents the 
widespread use of this material in the packaging industry. Additionally, its low thermal 
stability limits further utilization in automotive parts. 
Nanotechnology may be used to overcome these limitations because 
polymer/nanoclay nanocomposites demonstrate improved oxygen barriers and thermal 
properties [2]. In fact, some nanocomposites of nanoclay and polar matrices are already 
being used in industrial applications. Probably the most well-known example is 
polyamide 6 reinforced with montmorillonite (MMT) used in automotive parts by 
Toyota [2, 4]. Nanocomposites of MMT with different matrices presenting high barrier 
properties are also commercially available [4]. 
MMT is a naturally occurring 2:1 phyllosilicate. The MMT structure consists of 
1nm thin layers, with a central octahedral sheet of alumina sharing oxygen atoms with 
two external silica tetrahedral sheets. Isomorphic substitution within the layers 
generates a negative charge on the layer’s surface. This charge is balanced by hydrated 
cations in the interlayer [5]. 
Several research groups have dedicated substantial effort toward improving the 
properties of PP/MMT nanocomposites [6, 9]. However, due to the lack of polar groups 
in the PP chains, it is still a challenge to disperse nonpolar nanofiller, like MMT, into a 
PP matrix.  
Several methods have been described for the preparation of PP/MMT 
nanocomposites. Melt compounding is by far the most cited in the literature due to the 
easy processability of PP and the use of conventional processing equipment [7, 8]. In 
this method, the MMT is mixed with PP above the melting temperature of the polymer 
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through the shearing process. Under these conditions, the polymer chains can eventually 
intercalate in the clay interlayers leading to exfoliation [10, 11]. 
The solution blending method is based on the swelling capacity of the MMT. In 
this procedure, the clay swells in a solvent that is also able to dissolve the PP [12]. This 
three component mixture is prepared with the aid of heat and stirring. After intense 
mixing, the solvent is removed by evaporation or the polymer is precipitated by the 
addition of a non-solvent. Although the solution blending method is not suitable for 
industrial production of polyolefin nanocomposites, it has been studied for fundamental 
purposes [13, 14].  
In situ polymerization is a method that has been receiving increased attention in 
recent years. This synthetic route avoids the enthalpic and entropic barriers that prohibit 
the intercalation of non-polar polypropylene chains into the polar MMT interlayers. The 
first step in preparing PP/MMT nanocomposites by in situ polymerization involves 
supporting the catalyst (Ziegler-Natta or metallocene) into the clay galleries. Next, the 
supported catalyst is used in the polymerization of propene [15, 16]. The objective of 
this method is to grow the polymer chains outward from the clay galleries producing 
exfoliated nanocomposites. Although significant progress has been made in the 
synthesis of PP/MMT via in situ polymerization, a few problems still need to be 
overcome in order to produce nanocomposites at industrial scales. Among them are 
poor adhesion between the clay and the polymer matrix, reduced control of the polymer 
molecular structure, and poor morphology of the polymer particle. 
Recently, Dal Castel [17] studied the preparation of PP/MMT nanocomposites 
using Ziegler-Natta catalyst with controlled morphology using the slurry process  Under 
these conditions, the catalyst retained its characteristics of producing polymer particles 
with appropriated morphology with good dispersion of the clay. However, donors were 
not added to the catalyst and the PP obtained presented a low isotactic index. 
The use of a supercritical fluid to exfoliate the MMT has been considered as an 
alternate route for the preparation of polymer/clay nanocomposites with increased 
dispersion levels and, consequently, improved properties. Supercritical fluids have been 
used as a solvent to improve the dispersion of MMT in polymeric matrices, such as 
poly(methyl methacrylate) [18], polystyrene [19], polylactide [20], during in situ 
polymerization. Supercritical fluids have also been used to swell the MMT in solution 
blending [21] and melt compounding procedures [22, 23].  
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Manke and coworkers [24] developed a process where the clay is swelled with 
supercritical carbon dioxide in a pressurized vessel and then catastrophically 
depressurized to atmospheric pressure so that the stacked clay layers are forced apart. 
The exfoliation of the clay was identified by x-ray diffraction (XRD) and scanning 
electron microscopy (SEM). These methods present a promising approach to increase 
the dispersion of MMT in PP because the clay layers are separated prior to the mixture 
with the polymer. 
 
1.2 Objectives and Scope 
The aim of this work was to carry out a study to further evaluate the method for 
preparation of polypropylene-clay nanocomposites. The initial part of the study carried 
out and extensive evaluation of solvent-clay interaction and swelling effects. This initial 
study was necessary to select a modified-MMT for this study. The modified MMT was 
submitted to dispersion in supercritical propylene and subsequently to a catastrophic 
expansion inside an autoclave reactor to produce polypropylene nanocomposites by in 
situ polymerization. The effect of the pressure and temperature on the fluid, near and far 
above its critical point, on the structure and thermal properties of PP/MMT 
nanocomposites was investigated. The clay was treated with supercritical propylene 
which was also the monomer for the polymerization. The in situ polymerizations were 
carried out using a supported Ziegler-Natta catalyst in a slurry process.  
1.3 Document Outline 
This thesis is organized in five main chapters, as follows: 
 Chapter 1 – Introduces the reader to the thesis topic, motivation to 
conduct the study and gives a brief description of the document. 
 Chapter 2 – Presents the literature review on polymer/clay 
nanocomposites. It includes the preparation methods and relevant 
properties of polymeric nanocomposites, mainly the PP/MMT 
nanocomposites. A brief review on the properties of supercritical fluids is 
also presented. 
 Chapter 3 – Describes the materials that were employed in the 
experimental work; explains the methodology used for preparation of the 
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PP/MMT nanocomposites; and the techniques and procedures followed 
to assess some of the final properties of the nanocomposites prepared. 
 Chapter 4 – Presents the experimental results and discussions for the 
preparation and characterization of PP/MMT nanocomposites.  
 Chapter 5 – Gives general concluding remarks, along with 
recommendations for future work. 
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2 LITERATURE REVIEW 
This chapter presents the theoretical background on polymer nanocomposites, 
especially polypropylene-montmorillonite (PP/MMT). A broad literature review 
comprising of structure, properties and preparation of these materials is presented.  
2.1 Polymer Based Nanocomposites 
Conventional composite materials are defined as materials made from two or 
more materials with significantly different physical or chemical properties which remain 
separate and distinct within the finished structure. The combination of these materials 
must exhibit a significant proportion of the properties of both materials, so that a better 
combination of properties is achieved [25]. The nanocomposites differ from 
conventional composites by having at least one of their constituent materials with one, 
two or three dimensions of less than 100 nanometers [2]. One of the main advantages of 
the nanocomposites is the significant improvement of properties at low nanofiller 
loadings. Two examples of significant improvement in properties were presented by 
Sandler at al . [26], and Fornes and Paul [27]. Sandler et al. [26] added aligned carbon 
nanotubes in an epoxy matrix and achieved electrical percolation threshold at 
0.0025wt%. It is necessary to use at least 400 times more of a conventional filler, such 
as carbon black, to achieve the same results [28]. Fornes and Paul [27] presented a 
100% increase in the modulus of nylon nanocomposites when only 5%wt of MMT was 
added. A loading of 20%wt is needed to achieve the same effect using glass fiber. 
Another advantage of the nanocomposites is that the low loading levels have low impact 
on other properties of the polymer matrix, such as processability and density.  
The main difference between the nanofillers and traditional micrometer-scale 
fillers is obviously the size. This small size can bring intrinsic advantages. For example, 
smaller particles create lower stress concentrations and consequently do not 
compromise the ductility of the polymer. Additional advantages are that nanofillers are 
able to increase mechanical and electrical properties without affecting polymer optical 
clarity, since very small particles do not cause light scattering. The small size of 
nanofillers can lead to unique properties of the particles themselves (single-wall carbon 
nanotubes are the stiffest material known) [29].  In addition, the small size of the fillers 
leads to an exceptionally large interfacial area in the nanocomposites. The interfacial 
region can present altered chemical or physical properties, such as chain mobility or 
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crystallinity, and has been reported to be as small 2nm and as large as 50nm. Even 
though the interfacial region is only a few nanometers, a great portion of the matrix 
behaves differently from the pure matrix. For example, if the interfacial region is 10nm 
around spherical particles with 15nm in diameter, the interfacial region would 
correspond to practically the whole matrix at 5% loading, as shown in Figure 1 [30].  
 
Figure 1. Interparticle spacing as a function of particle size for spherical nanoparticles 
ideally dispersed in a composite [30]. 
Nanofillers come in many shapes and sizes. However, they can be grouped into 
three categories: nanoparticles, nanotubes, and nanoplates, according to the number of 
dimensions in the nanometer scale [31]. Several nanomaterials have been used as filler 
to improve different properties of polymeric nanocomposites, such as silica [32], 
fullerenes [33], metallic oxides [34], nanocellulose [35], carbon nanotubes [36], metallic 
nanowires [37], natural and synthetic nanoclays [38], and graphite [39]. 
MMT is by far the most studied nanofiller for the production of PP 
nanocomposites due to its availability (vast natural deposits around the globe) [40], high 
aspect ratio (50-200), high modulus (178 GPa)  [27] and high cation exchange capacity 
(80-150mEq/100g) [41].  
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2.2 Montmorillonite (MMT) 
MMT belongs to the general family of 2:1 layered silicates with a general 
formula (Al, Mg, Fe)4(Si, Al)8O20(OH)4(1/2Ca, Na)0,7.nH2O [42]. Its crystal structure 
consist of layers made up of 2 silica tetrahedral sheets sandwiching a central octahedral 
sheet of aluminum oxide, as show in Figure 2. The stacking of these layers leads to a 
gap between the layers called the interlamellar gallery (d001). Typical Van der Waals 
forces are active in this domain. Isomorphic substitution of Si
4+
 atoms by Al
3+
 in the 
tetrahedral positions and Al
3+
 atoms by Mg
2+
 or Fe
2+
 in the octahedral positions 
generates negative charges that are normally counterbalanced by cations residing in the 
interlayer space. These cations are usually hydrated Na
+
, K
+
, or Ca
+2
 in naturally 
occurring MMT. This structure is highly hydrophilic, and it is not miscible with most 
polymers, including PP. Ion exchange reactions of interlayer cations with organic 
cations, such as phosphonium [43], imidazolium  [19] and more often alkylammonium 
salts [44], are used to reduce the hydrophilic character of the clay. These organic salts 
can add functional groups that can react with the polymer matrix, or in some cases 
initiate the polymerization of monomers to improve the strength of the interface 
between the inorganic and the polymer matrix. They also increase the basal distance 
facilitating the intercalation of monomers or polymer chains. 
 
Figure 2.MMT structure [45]. 
8 
 
On a larger scale, each MMT layer has a high aspect ratio lamella about 100-200 
nm in length/width and 1 nm in thickness, as shown in Figure 3. Five to ten crystalline 
layers are associated by interlayer ions to form a primary particle, also called tactoid. 
The grey circles in the primary particle represent the intercalated cations and the lines 
represent the individual layers. These primary particles combine to form larger irregular 
aggregates (0.1-10 μm in diameter), which gives the clay its agglomerated structure. 
 
Figure 3. Model for the structure of MMT particles [46]. 
Polymer/MMT nanocomposites can present three different morphologies 
depending on the interfacial interactions between the polymer matrix and the MMT 
surface as shown in Figure 4. The three different possible morphologies are: 
1) Similar to conventional composites: It occurs when the polymer does not 
enter the galleries and the MMT basal distance remains unchanged maintaining 
its tactoid structure (Figure 4 (a)).  
2) Intercalated: It occurs when the polymer enters the galleries, increasing the 
basal distance, but keeping the tactoid structure (Figure 4  (b)).  
3) Exfoliated: It occurs when the clay layers are completely pushed apart to 
create a completely disordered array (Figure 4 (c)).  
 Polymer/MMT nanocomposites can present a combination of all of these 
morphologies. 
2.3 Polypropylene (PP) 
PP is one of the most used and fastest growing classes of thermoplastics [47]. PP 
is produced by the polymerization of propylene, using a catalyst, into long polymer 
chains. The properties of PP in the molten state are related to molecular weight and 
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molecular weight distribution. In the solid state, the main properties of PP reflect the 
type and amount of the crystalline and amorphous phases [48]. The relative amount of 
each of these phases depends on structural and stereochemical characteristics of the 
polymer chains and the conditions under which the polymer is processed into the final 
products.  
 
Figure 4. Schematic representation of different morphologies presented by 
polymer/MMT nanocomposites [49]. 
Regarding the stereochemical configuration of the propylene monomers, PP can 
be synthetized in three different configurations: atactic (aPP), syndiotactic (sPP), and 
isotactic (iPP) as shown in Figure 5. The isotactic PP has all the methyl groups located 
on the same side of the polymer backbone. In the syndiotactic PP, the methyl groups 
have alternate positions along the chain, while in the atactic configuration they are 
arranged randomly. 
 
 
Figure 5. Stereochemistry of PP: atactic (a), syndiotactic (b), and isotactic (c). 
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Isotactic and syndiotactic polypropylene present stereoregularity, which allows 
the polymer chains to crystallize. The iPP is a semicrystalline polymer with good 
mechanical and thermal properties. This is by far the most used structure of PP.  
Syndiotactic PP is also semicrystalline with inferior mechanical and thermal properties; 
however, it presents excellent malleability, gloss and scratch resistance. The sPP is 
produced in relative small volumes and has limited applications [50]
. 
Atactic PP is an 
amorphous material, waxy and slightly tacky, and mainly used as a component of hot 
melt adhesives and sealants [51]. 
There are three main processes used to produce PP in industrial scale [48]. The 
slurry process requires a solvent, usually a light hydrocarbon or heavier isoparaffins, to 
disperse the polymer produced in the reactor and to dissolve atactic byproducts. 
Although this technology has higher capital and operating costs, it produces PP with 
distinct properties, such as high polydispersity. Approximately 15% of the global 
production of PP still uses this technology.  
The bulk process takes advantage of higher performing catalysts that do not 
produce atactic PP. It uses liquid propylene as the medium to the polymerization 
reaction and its main advantage is the high polymerization rate due to the high 
concentration of monomers. This process represents 60% of the global production of 
PP. 
The gas-phase technology completely avoids the need for a solvent or liquid 
medium to disperse the reactants or products. This eliminates separation and recovery of 
solvents or liquid propylene required in the slurry or bulk reactors. The gas-phase 
supplies the monomer, it stirs the polymer particles and removes the heat from the 
reactor.  
Several catalysts can be used to polymerize propylene, with the Ziegler-Natta 
catalyst being by far the most important. The importance of metallocene catalysts has 
been increasing in recent years; however, the third generation Ziegler-Natta catalyst is 
responsible for most PP production.   
The Ziegler-Natta catalyst is a complex formed by reaction of a transition metal 
compound, usually titanium chloride, with a metal alkyl or alkyl halide, usually 
aluminum alkyls. The former is known as catalyst and the latter is the cocatalyst [52]. 
Ziegler-Natta catalysts are usually classified based in a historical perspective.  
First Generation: Titanium chloride (TiCl3) activated by diethylaluminium 
chloride (AlEt2Cl). The work of Karl Ziegler and Giulio Natta resulted in the first 
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commercial catalyst that was able to produce polypropylene with relatively high 
crystalline phase (90% insoluble in boiling heptane) [53]. This catalyst presented 
relatively low productivity (only the metal atoms on the surface of the catalyst are 
accessible to react with the cocatalyst) and the polymer needed deashing to neutralize 
residues of the catalyst. 
The second generation of the Ziegler-Natta catalysts used MgCl2 as support to 
increase the superficial area of the catalyst to increase the number active sites. This 
catalyst presented higher activity; however, they still produced a significant amount of 
atactic PP that needed to be removed.  
The production of PP with substantially lower amounts of aPP was achieved by 
the third generation of Ziegler-Natta catalysts. Modifiers were added to the catalyst 
(internal donors) and to the cocatalyst (external donor).  These modifiers increase the 
number of stereospecific active sites and selectively poison the non-stereospecific ones. 
The result is a catalyst with improved activity and stereospecificity.  Deashing and 
atactic removal processes are not required, which simplifies the production. It is the 
catalytic system most used nowadays [54].  
The fourth generation of Ziegler-Natta catalysts are the homogeneous single-site 
catalysts based on Al-oxane activated metallocene complexes. Metallocene catalysts can 
produce PP with controlled molecular structure, such as PP with narrow molecular 
weight distribution and syndiotactic PP. This class of catalyst had contributed 
significantly to understand the mechanism to polymerize olefins [55].   
Furthermore, Ziegler-Natta catalysts have several types of active sites due to the 
intrinsic heterogeneity of the surface of the crystals where transition metals are 
deposited. The multisite nature of the catalyst is apparent in many ways: broad 
molecular weight distribution, polymer chains with different stereoregularity, 
copolymers with different composition, structural properties of the polymer chains can 
vary with time due to different activation and decaying times for different active sites, 
and selective poisoning of different active sites [56, 58]. 
2.4 Preparation of Polypropylene/Montmorillonite Nanocomposites 
Several methods have been developed to prepare polymer/MMT 
nanocomposites. They can be divided into three main groups according to the starting 
materials and processing techniques [45] 
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2.4.1 Solution Blending 
This method is based on the capacity of MMT, natural or modified, to swell in a 
proper solvent. This solvent can both swell/disperse the clay and dissolve the polymer 
under mixing and heating. After complete mixture, the solvent is removed by 
evaporation or the polymer/clay is precipitated by adding a non-solvent and the 
nanocomposite is obtained. The combination of solvent and clay modifier used with a 
specific polymer should be suitably chosen because, in some cases, the solvent can 
adsorb preferentially in the clay hindering the intercalation of the polymer molecules. 
This method has been used mainly for water soluble polymers, such as 
poly(ethylene oxide) [59], polyamine, and poly(acrylic acid) [60]. However 
nanocomposites of hydrophobic polymer have also been prepared using this method. 
Qiu et al. [61] mixed linear low density polyethylene and a modified MMT in boiling 
xylene to obtain nanocomposites with 5 and 10%wt. They observed intercalation of 
polymer chains into the clay galleries and some layers were completely exfoliated. Chiu 
and Chu [13] mixed PP and several modified clays in 1,2,4-trichlorobenzene and, after 
the evaporation of the solvent, they obtained PP/MMT nanocomposites without the 
addition of compatibilizer. The clay was intercalated, partially exfoliated, and the 
material presented improved thermal stability. 
2.4.2 Melt Processing 
In this technique, no solvent is required and the clay is mixed with the polymer 
matrix in the molten state. A conventional processing method, such as extrusion, is used 
to mechanically mix the components and force the polymer chains into the clay 
galleries, eventually leading to exfoliation [62]. However, the intercalation only occurs 
if the polymer and clay present good affinity. This method presents several advantages, 
such as absence of solvent and use of conventional processing equipment, and is widely 
used in the preparation of nanocomposites [63]. Liu et al. [64] were the first to prepare 
polyamide 6/MMT nanocomposites using a twin screw extruder, but the material 
presented only partial exfoliation. Shortly after that, Dennis and coworkers [65] 
optimized the extrusion conditions and screw design to obtain highly exfoliated 
nanocomposites with different matrices. 
Due to PP’s easy processability, the melt processing was largely studied to 
prepare PP/MMT nanocomposites. However, PP is hydrophobic and presents very low 
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affinity with MMT (hydrophilic) forming an incompatible system. Several strategies 
have been used to increase the dispersion of the clay in the PP matrix, such as the use of 
organic modifiers in the clay [66, 67], addition of compatibilizers during processing  
[68, 73], and more exotic processing conditions such as ultrasound [74], electric fields 
[75] or clay suspensions [76]. Although some progress was made towards the 
exfoliation of MMT in PP, the dispersion levels are still far from those obtained using 
polar matrices, such as polyamides. 
2.4.3 In Situ polymerization 
For in situ polymerization, the liquid monomer, or monomer solution, is 
intercalated into the clay and then the polymerization is initiated. The polymerization 
can be initiated by heat, radiation, or a catalyst. Usuki et al. [3] successfully obtained 
exfoliated nanocomposites of nylon 6 and MMT by polymerizing -caprolactam in the 
interlayer space of the clay. This is also the method used to prepare thermosetting 
polymer/clay nanocomposites [19, 77, 78]. 
The preparation of PP/MMT nanocomposite by in situ polymerization has 
attracted more attention lately because it may overcome the barriers involved in the 
intercalation of hydrophobic PP chains into the galleries of the hydrophilic MMT using 
conventional methods. In situ polymerization of PP usually has three steps. First, the 
intercalation of the catalyst into the clay interlayer. Second, the clay is swelled with 
propylene, either in the bulk or slurry process (propylene solution). Finally the 
polymerization takes place. 
Due to its defined structure, metallocene catalysts have been often used in the 
synthesis of PP/MMT nanocomposites using in situ polymerization. Tudor et al. [79] 
took advantage of the ion exchange capacity of selected layered silicates to intercalate a 
cationic catalyst, [Zr(η-C5H5Me(thf)]
+
. The propylene polymerization was conducted 
after activation with methylaluminoxane (MAO); however, the catalyst was able to 
produce only aPP with low molecular mass. Yang et al. [16] used organically modified 
MMT containing OH groups to fix the MAO into the interlayer galleries. After 
intercalation of the catalyst and additional MAO for activation, this clay was used to 
polymerize propylene, as shown in Figure 6. This system presented fairly high activity 
to produce iPP, which led to good dispersion of the MMT. 
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Figure 6. Scheme of the preparation of PP/MMT nanocomposites using intercalated 
catalyst [16]. 
Du et al. [80] used a similar approach to produce PP/MMT using conventional 
Ziegler-Natta catalyst. The authors used MMT modified with an imidazolium salt 
containing OH functional groups to fix MgCl2 into the interlayer gallery followed by the 
addition of TiCl4. The nanocomposites showed excellent dispersion of the clay; 
however, the improvement in mechanical properties was modest. Internal and external 
donors were also added to the catalyst system leading to the production of iPP with high 
isotactic index (insoluble in heptane); however, the crystallinity was relatively low for 
iPP (around 40%).  
Although significant progress has been made in the synthesis of PP/MMT via in 
situ polymerization, a few problems still need to be overcome in order to produce 
nanocomposites at an industrial scale. Among them are poor adhesion between the clay 
and the polymer matrix, the reduced control of the polymer structure, and poor 
morphology of the polymer particle. 
Recently, Dal Castel studied the preparation of PP/MMT nanocomposites using 
Ziegler-Natta catalysts with controlled morphology using the slurry process [17]. Under 
these conditions, the catalyst retained its characteristics, producing polymer particles 
with standard morphology and good dispersion of the clay. However, donors were not 
added to the catalyst and the PP obtained had a low isotactic index. 
2.5 Properties of Nanocomposites 
Polymer/MMT nanocomposites at low loading level of nanofillers often show 
notable improvements in numerous properties, such as Young’s modulus, gas 
15 
 
permeability and thermal stability. Several methods have been used to model these 
properties [81] and a few of them will be presented in the following sections. 
2.5.1 Mechanical Properties 
One of the most significant achievements of the pioneering work of Usuki et al. 
[3] was an increase of 100% in the elastic modulus of a nylon 6 matrix containing only 
4.2 wt.% of MMT. Several other authors reported significant increases in the modulus 
of polymer/MMT nanocomposites [82, 83]. The increment in the modulus in PP/MMT 
is usually more modest due to the nonpolar nature of PP.  Svoboda et al. [84] reported 
an increase of 30% on the modulus of PP nanocomposites containing 5%wt. MMT. 
The rule of mixtures is a very simple tool for modeling the mechanical 
behaviour of traditional composites. This model predicts that the elastic modulus of 
composites containing large particles should fall between an upper (Ec(u)) and lower 
(Ec(l)) bound represented by the following equations: 
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Where E and V denote the elastic modulus and volume fraction, respectively, 
and the subscripts c, m, and f represent composite, matrix, and filler. Figure 7 presents 
experimental behaviour of a composite compared to the upper and lower bounds of the 
rule of mixtures [25]. It is possible to see in this figure that the combination of a filler 
with high modulus and matrix with low modulus results in a material with intermediate 
properties. Some authors suggest that the concept of matrix and filler, which are well 
established in conventional composites, cannot be applied directly in nanocomposites 
due to high surface area and small interparticle distances, creating a significant 
interfacial region with modified properties, as discussed in section 2.1.  
However, several authors have been able to successfully predict the elastic 
modulus of polymer nanocomposites using conventional composites theory with the 
Halpin-Tsai and Mori-Tanaka models being often used [27, 85, 86]. Sheng et al. [87] 
used a finite elements method to describe the mechanical behaviour of polymer/clay 
nanocomposites. They observed a linear increase in the modulus of the material with the 
clay weight fraction (Wc), as shown in Figure 8. At a fixed loading, the reduction of the 
number of lamellae strongly increases the modulus of the material (Figure 8 (a)). The 
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increase in the intralamellar distance produces a more modest increase in the modulus 
(Figure 8 (b)).  
 
Figure 7. Modulus of elasticity versus volume percent for a composite. The points 
represent experimental values and lines are upper and lower bound according to 
equations above [25]. 
 
Figure 8. Effect of structural parameters on the modulus of polymer/clay 
nanocomposites. (a) Effect of the number of lamellae in a primary particle, N, at a fixed 
d001; (b) Effect of d001 at two fixed values N=2 and N=5. 
Heat distortion temperature (HDT) of a polymeric material is an index of heat 
resistance towards applied load and it is a property of interest for applications at high 
temperatures. Strong increases in the HDT of polymer nanocomposites are often 
reported. Kojima et al. [88] reported an increase of 90ºC in nylon 6/MMT 
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nanocomposites. PP/MMT containing 6%wt. of clay prepared by Nam et al. presented 
HDT of 152ºC, which is 43ºC higher than the pure PP [89]. The increase in HDT 
reflects the increase in the material modulus over a broad temperature range, as shown 
by Fornes and Paul when modeling the properties of nylon 6/MMT 
nanocomposites(Figure 9) [27].  
 
Figure 9. Storage modulus versus temperature of nylon 6/MMT nanocomposites 
containing different loadings (1.82MPa represents the modulus of the material at the 
HDT) [27]. 
2.5.2 Gas Barrier Properties 
Polymer/MMT nanocomposites present improved gas barrier properties because 
the clay imposes a restriction to the gas diffusion. The clay lamellae are impermeable to 
gases, creating a maze or tortuous paths that retard the progress of the gas molecules 
through the polymer matrix. This effect is shown in Figure 10. 
The Nielson model and its modified versions have been used successfully to 
describe the increase in the gas permeability of lamellar nanocomposites [90, 91]. 
According to this model [92], the permeability coefficient (Pc/Pp) of lamellar filler 
dispersed and completely aligned (all filler has their larger surface parallel to the film 
surfaces, but there is no order in the filler center of mass) is defined as: 
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Where Pc and Pp, is the permeability of the composite and the polymer 
respectively, Vf is the filler volumetric fraction and a is the filler aspect ratio (a=l/2d for 
square fillers). Bharadwaj [93] modified this equation to account for non-aligned fillers, 
by introducing an order parameter S for the filler orientation, which reduces to the 
Nielsen equation for perfectly aligned fillers (S=1): 
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Based on this model, it is possible to see that the permeability depends on the loading, 
aspect ratio, and orientation of the filler. 
 
Figure 10. Formation of tortuous path in polymer/MMT nanocomposites. 
Nanocomposites often present improved thermal stability when the material is 
analysed by thermogravimetric analysis (TGA), with several authors reporting an 
increase in the temperature of degradation of the nanocomposites [94, 97]. This effect is 
also a consequence of the tortuous path created by the clay. However in this case, the 
lamellae obstruct the release of the gases generated by the decomposition of the 
polymer [97]. 
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2.6 Supercritical Fluids 
2.6.1 Supercritical Fluid and Properties 
A supercritical fluid (SCF) can be defined as a substance with a temperature and 
pressure above its critical point (critical temperature, Tsc, and critical pressure, Psc), 
where distinct liquid and gas phases do not exist. Critical temperature is the highest 
temperature at which a pure substance can exist in gas/liquid equilibrium.  
Supercritical fluids possess unique properties such as density control, solvating 
power, low viscosity, high diffusivity, near zero surface tension among others [98]. 
Table 1 shows a range of selected properties of supercritical fluids to illustrate that they 
exhibit properties between liquid and gas phases. 
Table 1. Properties of fluids in different states [99] 
 Density 
(g/mL) 
Dynamic Viscosity 
(g/cm-sec) 
Diffusion Coefficient 
(cm
2
 /sec) 
Gas (ambient) 0.0006-0.002 0.0001-0.003 
 
0.1-0.4 
 
Supercritical 
Fluid (Tsc,Psc) 
 
0.2-0.5 
 
0.0001-0.0003 
 
0.0007 
 
Liquid (ambient) 
 
0.6-1.6 
 
0.002-0.03 
 
0.000002-0.00002 
 
 
The supercritical point and properties of some selected substances are presented 
in Table 2. 
Thermodynamics properties of a substance are usually represented in tables or 
diagrams where the abscissa and ordinate represents physical properties, such as 
enthalpy, temperature, entropy or volume. 
A phase diagram is a tool used to observe the substance phases according to 
their pressure and temperature condition. For example, Figure 11 shows a carbon 
dioxide pressure-temperature phase diagram. 
The most well-known and used is the Mollier diagram, where the abscissa 
represents the enthalpy and the ordinate represents the pressure. Figure 12 shows a 
schematic Mollier diagram that identifies the critical point and supercritical region, as 
well as the liquid and gas phases. 
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Table 2. Critical point of selected substances. 
Fluid [100-103] Molecular 
weight 
(g/mol) 
Tsc (ºC) Psc 
(bar) 
Crititcal 
Density 
(Kg/m
3
) 
Acetone 58.08 235.10 48.00 278.00 
Ammonia 17.03 132.40 111.30 255.00 
Carbon dioxide 44.01 31.00 72.90 467.60 
Chlorobenzene 112.56 359.00 45.20  
Chlorodifluoromethane(R22) 84.47 96.40 48.50 523.84 
Cyclohexane 84.16 281.00 40.70  
Ethane 30.07 32.17 48.70 206.18 
Ethanol 46.07 240.90 60.60 276.00 
Ethylene 28.05 9.20 50.42 214.20 
Methanol 32.04 239.60 79.80 272.00 
n-Hexane 86.18 234.34 30.18 233.00 
Propane 44.10 96.74 42.51 220.48 
Propylene 42.08 91.06 45.55 230.08 
Toluene 92.14 318.64 41.09 291.00 
Trichlorofluoromethane (R11) 137.37 197.60 44.17 619.44 
Water 18.02 374 217.7 322 
Xenon 16.59 58.42 131.29 1102.9 
 
A complete Mollier diagram for propylene is show in Figure 13. The advantage 
of using a Mollier diagram is that various thermodynamic information can be found in 
one place (temperature, pressure, enthalpy, entropy, specific volume and phase regions). 
Using the Mollier diagram, it is also possible to find the thermodynamic pathway from 
one state to another.  
 
 
21 
 
 
Figure 11. Phase diagram for CO2, 
 
Figure 12. Schematic Mollier diagram. 
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Figure 13. Mollier diagram for propylene. 
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2.6.2 Using SCF as an Auxiliary Method to Produce PP/MMT Nanocomposites  
The mass transfer rates in SCF are considerably faster than that of the liquid 
solvent. The solvent power of a SCF is a function of its density and it can be fine-tuned 
by changing the temperature and pressure conditions. In general, the solubility of a 
solute in a SCF increases with the pressure at constant temperature due to the increase 
in density. At constant pressure, the effect of temperature on the solubility is more 
complex. Increasing the temperature can lead to lower solubility due to a reduction in 
density; however, higher temperatures can also increase the solubility due to an increase 
in the kinetic energy of the system and consequently the solvent power of the SCF [98]. 
Various research groups have explored the distinctive properties of SCF, mainly 
supercritical CO2, to obtain polymer nanocomposites using melt extrusion. Only one 
report in the open literature has described the use of supercritical propylene to obtain 
polymer nanocomposites using in situ polymerization. 
2.6.3 Use of SCF in the Melt Extrusion Method 
Ma et al. prepared PP/sepiolite nanocomposites using supercritical CO2 assisted 
mixing. The results showed improved dispersion of the nanofiller and consequently 
improved mechanical properties when compared with a traditional melt compounding 
method [104]. The authors suggested that the lower melt viscosity was responsible for 
reducing the breakage and improving the dispersion of the nanofiller. Hwang et al. 
[105] used supercritical CO2 to improve the dispersion of MMT in PP nanocomposites 
prepared using twin screw extrusion, as shown in Figure 14. They observed improved 
thermal and mechanical properties when using the SCF. Even though the 
aforementioned process is distinct from the process to be utilized in this work, it worth 
noting since it explains the use of SCF in producing nanocomposites.  
On the other hand, Yang and Ozisik investigated the effect of different SCFs on 
the dispersion of nylon 6/MMT nanocomposites prepared by extrusion and did not 
observe improved clay dispersion due to the lower melt viscosity when using SCF 
[106].  
Another strategy was used by Manke et al. to produce PP reinforced by MMT 
[24]. In this process, the clay is swelled with supercritical CO2 in a pressurized vessel 
and then catastrophically depressurized into another vessel at atmospheric pressure, so 
that the stacked clay layers are forced apart. The inventors claimed that the clay was 
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properly individually dispersed after the depressurization; however, they did not provide 
any mechanism for assuring that the clay would remain exfoliated after being mixed 
with the polymer. Kannan et al. [107] studied this process in more detail and observed 
that the degree of dispersion of the clay after depressurization varies with the CO2-
philicity of the clay. Significant dispersion was achieved with an organically modified 
clay (Cloisite 93A), whereas little to no dispersion was achieved for Cloisite Na
+
 (CO2-
phobic).  
 
Figure 14. Schematic of Supercritical CO2 Assisted Twin Screw Extrusion Process 
[105]. 
Although CO2 has some advantages when used as a SCF, it cannot be used for 
the method of in situ polymerization of polypropylene because it can coordinate to the 
transition metal in the Ziegler-Natta catalyst stopping the polymer chain from growing 
(coordinative poison) [108].  
2.6.4 Use of SCF in the in situ Polymerization  Method 
Liberman and coworkers (including the author of this thesis) described the 
utilization of supercritical fluid for the preparation of nanocomposites of polypropylene 
and montmorillonite [109]. In this method, the clay was dried and then treated in 
propylene near supercritical conditions for four hours. This mixture was de-pressurized 
25 
 
in inside a reactor where the polymerization of propylene, catalyzed by a Zigler-Natta 
catalyst, was conducted. Polypropylene nanocomposites containing 2 to 3 wt.%  MMT 
were produced using this method. These nanocomposites had improved flexural 
modulus, impact strength, heat distortion temperature and hardness. Although the 
method was successful in producing nanocomposites with improved properties, the 
authors provided only a few examples and did not explore the effect of different 
conditions of temperature and pressure within the supercritical propylene. 
 
2.7 LITERATURE GAP 
To the best knowledge of the author of this thesis, there is no report in the open 
literature, other than the one from Liberman and coworkers [109], using propylene as a 
supercritical fluid for the preparation of polypropylene-clay nanocomposites. This is 
identified as a gap in the literature because supercritical propylene can be obtained at 
relatively mild temperature and pressure conditions presenting a great potential as the 
dispersion medium of the clay and subsequent application in the preparation of 
polypropylene-clay nanocomposites using the in situ polymerization method. 
Furthermore, supercritical propylene could potentially be used as the reaction 
medium for the polymerization in a method similar to the bulk process. However, the 
average activity of the catalysts usually decreases at temperatures above 80ºC due to the 
instability of the catalyst. The temperature required for achieving the supercritical 
condition (91
o
C) is above the typical polymerization temperature (< 80
o
C). Higher 
temperatures during the polymerization also reduce the average molecular weight of the 
PP [110] and decrease the mechanical properties of polypropylene in general. 
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3 MATERIALS AND METHODS 
3.1 Materials 
Six montmorillonites (MMTs) were supplied by Southern Clay Products, Inc. 
(Cloisite) and two by Nanocor. These clays have reported cation exchange capacity of 
92mEq/100g and their original cations were exchanged by sodium (cloisite Na+) or 
quaternary ammonium salts, as shown in Table 3. 
 Table 3. Characteristics of the clay modifiers. 
Clay Quaternary ammonium salt 
Amount of 
modifier 
(mEq/100g) 
Structure of 
the modifier 
Cloisite Na+ - - - 
Cloisite 30B 
methyl bis-2-hydroxyethyl 
alkyl 
90 
 
Cloisite 10A dimethyl benzyl alkyl 125 
 
Cloisite 93A dimethyl alkyl 90 
 
Cloisite 20A dimethyl dialkyl 95 
 
Cloisite 15A dimethyl dialkyl 125 
 
Nanomer I.44P dimethyl dialkyl 35-45wt.% 
 
Nanomer I.31PS 
octadecylamine 
aminopropyltrytriethoxysilane 
15-35wt.% 
0.5-5wt.% 
 
 
*alkyl – C14-C16-C18 
Solvents used in the swelling tests were purchased from Sigma-Aldrich Co. and 
were used as received. The properties of the solvents are presented in Table 4. Toluene 
CH3
NH2
16
Si
OEt
OEt
CH3
EtO
27 
 
used in the polymerization reactions was dried using a solvent purification system from 
MBraum Inc to achieve low level of water (< 5 ppm).  
Table 4. Properties of the solvents. 
Solvent Structure 
Molar 
mass 
(g/mol) 
Density 
(g/mL) 
Relative 
polarity 
[111] 
Melting 
Point 
(ºC) 
Boiling 
Point 
(
o
C) 
Chlorobenzene 
 
112.56 1.11 
0.188 
-45 131 
Toluene 
 
92.14 0.870 
0.099 
-95 111 
Cyclohexane 
 
84.16 0.778 
0.006 
7 81 
 
n-Hexane 
 
 86.18 0.654 0.009 -95 69 
 
Propylene (polymerization grade) and nitrogen (ultra-high purity grade, 5.0) 
were supplied by Praxair, Inc. and they were dried through a column containing 
molecular sieves 3A and deoxygenated using a column containing a copper catalyst.  
The Lynx 1000 propylene catalyst from Basf Inc. was supplied by Braskem 
America and used as received. It is a Ziegler-Natta catalyst supported in magnesium 
chloride (MgCl2/TiCl4) suspended in mineral oil (20%wt.). The solid fraction has a 
titanium content of 2.5%wt. Triethylaluminum was used as cocatalyst. It was supplied 
by Sigma-Aldrich Co. as a solution of 1mol/L in hexane. Dicyclopentyldimetoxysilane 
(Gelest, Inc.) was added to the triethylaluminum solution to work as external donor. The 
Al:donor ratio was 20:1. 
The materials for assembling the high pressure system to handle the supercritical 
fluid were supplied by Autoclave and the parts list can be found in Appendix A.  
3.2 Preparation of Nanocomposites 
PP polymerizations were conducted in a stainless steel stirred reactor (Paar 
Instrument Co.) connected to a pressure vessel where liquid propylene was heated 
above the supercrital temperature. 
The reactor was dried and purged three times with nitrogen. Subsequently, 
500mL of dried toluene was added and the temperature was raised to 60ºC. The 
Cl
CH3
CH3
CH3
28 
 
cocatalyst (15mmol of triethylaluminum and 0.75mmol of 
dicyclopentyldimetoxysilane) was added under intense stirring.  Once the temperature 
was stable (± 1ºC), the catalyst (0.10mmol of Ti) was added to the reactor and the 
propylene polymerization was carried out at propylene partial pressure of 70psi. After 
one hour, the monomer pressure was released and the polymer slurry was precipitated in 
500mL of ethanol. The suspension was filtered with paper filter and washed with 
100mL of ethanol twice. Finally, the polymer was dried in a vacuum oven at 70ºC 
overnight. 
For the reactions that used clays, the clays were added following two different 
procedures, as outlined below: 
-Without supercritical pre-treatment: the clays (2.0g) were dried under vacuum 
at 80ºC overnight and then transferred to a Schlenk tube which was later purged three 
times with nitrogen and vacuum cycles. Dry toluene (500mL) was added and the clay 
swelled for 1 hour under intense stirring. The swollen clay was transferred to the reactor 
before adding the dried toluene as previously described. 
-With supercritical pre-treatment: the clays (2.0g) were dried under vacuum at 
80ºC overnight and then transferred to the transfer vessel which was later purged three 
times with nitrogen and then vacuum was applied. This transfer vessel was then 
connected to the propylene tank and to the pressure vessel, which was also previously 
purged. A specific amount of liquid propylene (as determined in Section 4.2) was 
transferred from the propylene tank to the transporting vessel and then to the pressure 
vessel. The clay was carried between the vessels by the propylene flow. The 
temperature was slowly increased until reaching a specific temperature and correlated 
pressure. The mixture of supercritical propylene and clay was held at the specific 
temperature and pressure for 30 minutes. Then this mixture was abruptly released in the 
reactor immediately after adding the catalyst and the polymerization was carried out as 
previously described. The schematic drawing of the pressure vessel used to achieve the 
supercritical conditions is presented in Appendix B. 
3.3 Characterization Methods 
3.3.1 Transmission Electron Microscopy 
Transmission electron microscopy (TEM) was used to investigate the nanoscale 
morphology of the samples. The nanocomposite samples were embedded in epoxy resin 
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and cured for 24 hours before being cut with the ultramicrotome. The cuts, in the range 
of 70-100 nm, were obtained using an ultramicrotome Leica EM UC6 fitted with a 
diamond knife (Diatome, Ltd.). The cuts were then mounted on a copper grid (400 
mesh). A Phillips CM10 transmission microscope, operating at 80kV, was used. 
3.3.2 X-ray Diffraction 
The X-ray diffraction (XRD) patterns were obtained with a D8-ADVANCE 
powder X-ray diffractometer (Bruker, Inc.) in the reflection mode operating at 40 kV 
and 30 mA. The incident radiation was Cu K with a wavelength of 1.54Å. The clay 
samples were in powder form and the polymer samples were in the film form 
(preparation described in the item 3.3.3). The interlamellar distance, d001, of the clay 
was calculated using Bragg’s Law: 
.
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Where d is the spacing between the planes in the atomic lattice, is the 
wavelength of the incident radiation, is the angle between the incident ray and the 
scattering planes, and n is an integer number. 
3.3.3 Differential Scanning Calorimetry 
Differential scanning calorimetry (DSC) was carried out in a DSC model Q20 
from TA Instruments using nitrogen atmosphere and approximately 6mg of sample in 
film form. The films were prepared by heating around 200mg of the sample at 190°C 
for one minute and pressing it for two minutes with six metric tons.  
The samples were analyzed by heating them to 200ºC for five minutes to 
eliminate the thermal history of the material and then cooled at 10ºC/min to 50ºC.  The 
crystallization temperature (Tc) was defined as the peak maximum during this cooling 
cycle. After an isothermal period of five minutes, the samples were heated at 10ºC/min 
to 200ºC. The melting temperature (Tm) and enthalpy of fusion (Hm) were defined as 
the peak maximum and the peak area, respectively, during this heating cycle.  
The crystallinity of the PP matrix was measured using the following equation: 
0
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where Hm is the enthalpy of fusion of the sample, fp is the mass fraction of PP in the 
sample and H0m is the enthalpy of fusion of PP 100% crystalline (207.1J/g) [112]. 
3.3.4 Thermogravimetric Analysis 
The thermal stability and clay loading of the nanocomposites were measured 
using thermogravimetric analysis (TGA) using a TGA Q50 (TA instruments) under 
nitrogen atmosphere. The samples were heated at 20ºC/min to 800ºC. 
The clay loading was calculated using the following equation: 
(%) *100r
r
N
loading
C
   
where Nr is the nanocomposite residue at 800ºC and Cr is the pure clay residue at 
800ºC. 
3.3.5 Infrared Spectroscopy 
Polymer samples were analyzed by Fourier Transform Infrared Spectroscopy 
(FTIR) as films. The films were prepared by heating around 50mg of the sample at 
190°C for 30 seconds and pressing it for one minute with 18 metric tons.  After a 
conditioning period of seven days at room temperature, the infrared spectra of the films 
were recorded using a computer-aided Bruker Tensor 27 (Bruker Co.) FTIR system. 
The spectra were obtained with transmission through the films with units in 
transmission mode in the range from 400 to 4000cm
-1
, after 32 scans, with a resolution 
of 4cm
-1
.  
3.3.6 Scanning Electron Microscopy 
The morphology of the samples was analyzed by scanning electron microscopy 
(SEM) using a Zeiss LEO 1530 Gemini microscope operating at 10kV. The samples 
were placed on conductive tapes on the aluminum pan and were coated in 10 nm thick 
gold film using high vacuum sputter. 
3.3.7 Clay Swelling Test 
The clay swelling tests were performed with a modification of the method 
described by Foster [113]. Here, 2g of clay were transferred to a graduated cylinder 
following the addition of 50mL of solvent. Two different methods were used in order to 
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mix the suspension: manual stirring and ultrasonic bath (Branson model 1510) 
overnight (approximately 15 hours). 
The ratio between the volumes occupied by the clay to the total volume in the 
graduated cylinder was observed after different settling times, ranging from 5 minutes 
to 28 days.  
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4 RESULTS AND DISCUSSION 
This study contains three parts:  
 clay swelling,  
 supercritical conditions, and  
 in situ polymerization.  
4.1 Clay Swelling 
This part of the study used a slurry polymerization process to produce PP 
without assistance of supercritical fluid. Although several examples of solvent-clay 
have been reported in the literature, there are no reports comparing systematically clays 
and solvents that are relevant for in situ polymerization. These experiments were 
performed here to evaluate the compatibility among different clays and solvents.   
The swelling behavior of unmodified MMT (Cloisite Na+) and the other seven 
clays (Table 3) were tested in four organic solvents (Table 4). Except for 
chlorobenzene, all of the others solvents are suitable to propylene polymerization. 
Chlorobenzene is a solvent slightly more polar than toluene and although it is 
not suitable as a medium to propylene polymerization using Ziegler Natta catalysts, it 
was evaluated to provide a comparison between polar and non-polar solvents on clay 
swelling. 
Figure 15 presents the swelling behavior of different clays in chlorobenzene 
following two different protocols, as described in section 3.3.7. The swelling behavior 
was measured with Volume Ratio calculated between the volumes occupied by the clay 
to the total volume of the system in the graduated cylinder. Selected images of these 
systems are included in the Appendix C. In general the following behaviors were 
observed: 
 poor interaction of the clay with the solvent – observed by fast settling of 
the clay and low Volume Ratio; 
 good swelling of the clay by the solvent – observed by increased Volume 
Ratio and with or without two distinct regions; 
 exceptional swelling of the clay – observed by clay occupying the entire 
volume in the system, only one homogeneous region, and creating a 
translucent system. 
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Figure 15.  Swelling behaviour of different clays in chlorobenzene.  
It is possible to see that clays with stronger polar character, such as Cloisite Na
+
 
and Nanomer I.31PS, have limited swelling in this solvent. The clays Cloisite 30B and 
93A presented interesting behavior, showing poor swelling with manual mixing, but 
once sonicated, they presented very strong swelling and stability over time. These 
results suggest that these clays have an intermediate polarity when compared with the 
other clays used in this work. The clays Cloisite 10A, Cloisite 20A, Cloisite 15A, and 
Nanomer I.44P were easily swollen by the solvent using either of the mixing conditions, 
forming a stable suspension for several days. 
Toluene presents relatively low polarity and was previously used for the 
synthesis of nanocomposites via in situ polymerization [17]. Figure 16 presents the 
behaviour of the clays in toluene. When non-polar clays were suspended in toluene 
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using manual mixing, a homogeneous suspension was formed; however, this suspension 
was not stable and after a few days the clay precipitated. The use of an ultrasonic bath 
strongly increased the swelling of the clay, forming stable suspensions even for clays 
with a more polar character, such as Cloisite 30B and Nanomer I.31PS. Toluene was not 
able to swell the unmodified clay. 
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Figure 16. Swelling behaviour of different clays in toluene. 
Cyclohexane was also tested to serve as a solvent for the polymerization of PP. 
As shown in Figure 17, only Cloisite 15A formed a good suspension in cyclohexane 
using manual mixing, although it was not completely stable. The use of an ultrasonic 
bath promoted a better dispersion of the clay and yielded a stable suspension. The 
35 
 
ultrasonic bath also promoted better dispersion of the clays: Cloisite 93A, Cloisite 20A, 
Cloisite 15A, and Nanomer I.44; however, these suspensions had limited stability, 
indicating weak clay/solvent interaction. 
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Figure 17. Swelling behaviour of different clays in cyclohexane. 
Hexane is the solvent most commonly used in the polymerization of PP in the 
slurry process; however, this solvent has very poor compatibility with MMT, as shown 
in Figure 18, making it unsuitable to conduct the in situ polymerization of PP/MMT 
nanocomposites. 
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Figure 18. Swelling behaviour of different clays in hexane. 
The results from the swelling behaviour of the clays in different solvents 
indicate that solvents with some polarity, such as chlorobenzene and toluene, are better 
at producing a stable suspension of the clay. Toluene represents the best option because 
chlorobenzene has more limitations with respect to propylene polymerization using 
Ziegler Natta catalysts.  
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When looking at the behaviour of the clays, it is possible to see that the clays 
Cloisite 15A and Nanomer I.44P are the most compatible with nonpolar solvents. These 
clays are produced by different companies, but use the same organic modifier and have 
very similar specifications (Table 3). Since the Cloisite 15A resulted in slightly superior 
swelling in toluene, when compared with Nanomer I.44P, this clay will be used for 
polymerization reactions later in this work. 
Cloisite 93A also presented fairly good swelling in toluene and it presented good 
results in the preparation of PP/MMT nanocomposites using in situ polymerization as 
shown by other authors [17, 114]. 
In conclusion, Cloisite 15A and Cloisite 93A were selected for further 
investigation using in situ polymerization here. This selection is based on a balance 
between swelling behavior and type of solvent suitable for propylene polymerizaiton. 
Unfortunately the swelling behavior of such clays in liquid propylene was not 
studied here because of the lack of experimental apparatus. 
4.2 Supercritical Conditions 
A rationale somewhat similar to the one described by Manke et al [24] will be 
employed in this work, although the other authors worked with supercritical CO2 and 
prepared nanocomposites with extrusion. The process used here consists of swelling the 
clay in supercritical propylene followed by catastrophical depressurization into the 
polymerization reactor autoclave, where the in situ polymerization of PP is carried out 
using a supported Ziegler Natta catalyst.  
One of the important characteristics of supercritical fluids is the capacity to 
tweak the solubility of a solute by changing the temperature and pressure. The effect of 
temperature and pressure for pre-treatment of clays in propylene above its critical point, 
and the effect of this pre-treatment on the properties of the nanocomposites were 
investigated in this work. In order to determine the limits of conditions that can be 
performed safely, pre-trials were done on the pressure vessel. The vessel was loaded 
with different amounts of propylene and the temperature was raised very slowly. The 
increase in pressure was monitored and the results are presented in Figure 19.  
Figure 19 shows that at least 11.2g of propylene are needed in the pressure 
vessel order to achieve supercritical conditions. With such a small amount of propylene, 
it is possible to achieve supercritical pressure at temperatures higher than 200ºC. When 
the pressure vessel was almost full of liquid propylene (56g), the pressure increased 
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very rapidly with small increases in the temperature. Under this condition of vessel 
loading, the pressure at supercritical temperature achieved 3.500PSI.  
One goal of this experiment was to investigate the conditions and the behavior of 
the apparatus in supercritical conditions, which is beyond the critical point (91ºC and 
660psi). In conclusion, Figure 19 shows several conditions where supercritical 
conditions can be obtained. For example, with approximately 39.2g of propylene inside 
the pressure vessel it is easily possible to reach the critical point and work over a wide 
range of pressures and temperature within the supercritical range.  
Note that some of the pressures used in these experiments are relatively high (at 
almost 6,500psi) and the proper type of material and components should be select to 
assemble such pressure vessel system to assure safety. 
 
Figure 19. Pressure versus temperature at different propylene loadings in the pressure 
vessel. 
4.3 In situ Polymerization 
In this section, in situ polymerization of propylene and MMT without (4.3.1) 
and with (4.3.2) the use of supercritical fluid pre-treatment of the clay is presented 
and discussed.  
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The first part evaluates the effect of two organically modified clays on the 
properties of PP/MMT nanocomposites obtained via in situ polymerization. The in 
situ polymerization process used was previously described in the literature review. 
It involves the swelling of clay in a proper solvent followed by the addition of a 
supported Ziegler Natta catalyst and the polymerization of propylene using the 
slurry process [17].  
The second part evaluated the effect of the clay pre-treatment with 
supercritical propylene followed by catastrophic depressurization of the clay into the 
polymerization reactor.  
The following parameters were studied: 
 catalyst performance 
 structure of the polymer molecules 
 polymer particle morphology 
 dispersion of the clay. 
4.3.1 In situ Polymerization without Supercritical Fluid Pre-Treatment 
In a previous study, Dal Castel used supported Ziegler Natta catalyst to obtain 
PP/MMT nanocomposites using in situ polymerization [17]. It was showed that 
nanocomposites obtained using this method presented better clay dispersion when 
compared to nanocomposites with the same composition obtained by melt 
compounding. However, the lack of external donors during the polymerization resulted 
in PP with low isotactic index and, consequently, poor mechanical properties.  
In order to create a baseline for further comparisons, polypropylene was 
synthesized using supported Ziegler Natta catalyst with the addition of external donor 
using conventional slurry process (solvent: toluene, cocatalyst with external donor: 
triethylaluminum (15mmol) and dicyclopentyldimetoxysilane (0.75mmol), catalyst 
(0.10mmol of Ti),  temperature: 60ºC, propylene partial pressure: 70psi, reaction time: 
1h.  
The effect of adding two organically modified clays, previously swelled in 
toluene, to the polymerization reactor in order to obtain polypropylene/montmorillonite 
nanocomposites via in situ polymerization was also evaluated. 
The performance of the catalyst was measured with productivity, that is the 
activity of the catalyst calculated based on the amount of polymer recovered at the end 
of the polymerization reaction (yield). The results are presented in Table 5. The 
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productivity of the catalyst in the polymerization without clay is used as a reference 
(Reaction PP on Table 5). The addition of the clay Cloisite 15A to the reactor strongly 
reduced the activity of the catalyst (Reaction C15A). As a consequence of the low 
productivity, a high clay loading was obtained in this nanocomposite. The clay Cloisite 
93A, in its turn, promoted a small reduction in the catalyst activity, presenting a relative 
productivity of 94.6%.  
Table 5. Catalyst activity and clay loading of the PP and nanocomposites prepared 
under normal conditions. 
Reaction 
Yield 
(gPP) 
Productivity 
(kgPP/molTi) 
Relative productivity 
(%) 
Clay loading* 
(%) 
PP 50.7 507.4 100.0 0 
C15A 4.2 42.0 8.3 32.3 
C93A 48.0 480.0 94.6 3.4 
0.10mmol Ti; 15.0mmol Al, 60°C; 70psi, 1 hour. 
*measured by TGA. 
 
The causes for reduced activity in the presence of the clay are not fully 
understood. Some authors suggested that adsorbed water in the clay could be 
responsible for the reduction in the catalyst activity [115]. However, the Cloisite 15A is 
less hydrophilic than Cloisite 93A and should have a lower amount of adsorbed water, 
and consequently should present smaller reduction in activity. Another possible 
explanation is related to the fact that the cocatalyst can react with the modifier of the 
clay. In fact, Lee and coworkers [116] observed that more than 90% of the modifier was 
removed after the clay Cloisite 25A was treated with alkylaluminium. So, when the clay 
is swelled by the solvent the clay platelets are pushed apart from each other, exposing 
the organic modifier to react with the cocatalyst. This reaction consumes the cocatalyst 
making it unavailable for the catalyst. As shown previously, Cloisite 15A has more 
organic modifier and swells more easily in toluene than Cloisite 93A thus increasing the 
probability of consuming the cocatalyst. Therefore, it is plausible to consider that the 
organic modifiers present on the clay or the polar groups belonging to the natural 
structure of the clay are responsible for decreasing the catalyst activity and the reactor 
productivity. 
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The structure of the polymer molecules was investigated with FTIR. The 
isotacticity of the polypropylene was measured by FTIR according to methodology 
developed by Burfield et al. [117]. In this method, the absorbance of the band 998cm
-1
,
 
linked with isotactic polypropylene helixes containing 11-12 units, is normalized by the 
band 973 cm
-1
, which corresponds to head-to-tail propylene units being also observed in 
molten iPP samples and completely atactic PP. The FTIR spectrum of PP obtained 
without the addition of clay is presented in Figure 20. The isotacticity index (II) was 
calculated using the following equation. 
998
973
1
Isotacticity Index (%) = 0,15
1,08

abs
x
abs
 
The isotacticity index calculated for the pure PP was 0.983±0.060. This result 
indicates good structural regularity in the polypropylene chains. Other indications of the 
high isotacticity index of the polypropylene chains are the high melting temperature, 
around 165ºC, and crystallinity, around 45%, as presented in Table 6. These results are 
similar to the properties found in commercial grades of iPP [118, 119]. 
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Figure 20. FTIR spectrum of PP without the addition of clay.  
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Table 6. Thermal properties of PP and PP/MMT nanocomposites 
Reaction Tc (ºC) Tm (ºC) Hm (J/g) Cristallinity (%) 
PP 116 164 93.6 45.2 
C15A 121 165 62.8 44.8 
C93A 121 166 98.1 49.0 
 
However it is not possible to measure the isotacticity index of the 
nanocomposites using the Burfield methodology, because the clay absorbs strongly in 
the range from 800 to 1300 cm
-1
. Nonetheless, the melting temperature and crystallinity 
presented by the nanocomposites samples (C15A and C93A) indicated these materials 
also show high isotacticity.  
The nanocomposites showed crystallization temperatures slightly higher than the 
pure polymer indicating that the clay acted as a nucleation agent. This effect is often 
observed in polymer/montmorillonite nanocomposites [45].  
The growth of polymer particles formed during the polymerization of 
polyolefins using supported catalyst (type Ziegler-Natta) is usually described using the 
multigrain model. According to this model, the particle morphology evolution involves 
two steps: fragmentation and growth. Supported catalyst are particles highly porous 
with diameters typically ranging from 10-100m.  These catalyst particles are formed 
by smaller fragments called microparticles. During the polymerization process, these 
microparticles undergo a process of fragmentation due to the formation of polymer in 
their surface, and the structure, or morphology, of the particle begins to evolve. 
Depending on the polymerization conditions, the polymer particles formed can reach 
between 100 and 5000 m in diameter, as shown in Figure 21 [120]. From an industrial 
point of view, it is highly desirable that the polymer particle presents a controlled 
morphology (preferably spherical) to avoid reactor fouling, thus making it easier to 
transport the product (higher bulk density) and to save energy during the incorporation 
of additives. 
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Figure 21. Schematic of polymer growth in polyolefin synthesis [120]. 
Figure 22 presents images of the polymer particles of pure PP and the 
nanocomposites with Cloisite 15A and Cloisite 93A. It is possible to see in the SEM 
images that the pure PP has good particle morphology with polymer particles with 
approximately 50m in diameter. The inset image presents higher magnification where 
it is possible to see that the polymer particle is in fact formed by smaller microparticles 
as previously discussed.  
The nanocomposites lost the controlled morphology of the catalyst, presenting 
polymer particles with irregular shapes and very broad size distribution although the 
microparticles are still visible at higher magnifications. As pointed out by Soares and 
McKenna, it is not always easy to control the fragmentation under full reactor 
conditions. Several parameters can promote an uneven fragmentation and loss of control 
over the morphology, such as particle overheating, high reaction rates, atactic PP, and 
low molecular weight. 
 In order to study the morphology of the polymer particle in the presence of clay, 
polymer particles obtained at the end of the polymerization were embedded in epoxy 
resin and ultrathin cuts (70-100nm) were imaged in a transmission electron microscope. 
Figure 23 shows a TEM image of a section of a polymer particle embedded in epoxy. In 
this figure, it is possible to see that the clay is located in the surface of the 
microparticles (inset) and that the polymer particle is formed by the agglomeration of 
polymer microparticles. This structure indicates that the microparticles fragmented 
during the polymerization and morphology of the catalyst was lost. At the end of the 
polymerization the polymer and clay were precipitated forming a polymer particle with 
irregular shape, as observed previously using SEM. 
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Figure 22. Pictures (left) and respective SEM images (right) of polymer particles 
obtained by in situ polymerization without addition of SCF: (a) PP, (b) C15A, (c) 
C93A. 
(a) 
(b) 
(c) 
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Figure 23. TEM image of the transversal section of a polymer particle of the C15A 
nanocomposite embedded in epoxy resin. 
The dispersion and structure of the clay in the nanocomposites was further 
evaluated using XRD and TEM using samples that were prepared injection molding the 
product of the polymerization. The XRD patterns of the clays and the respective 
nanocomposites are presented in Figure 24. The peak corresponding to the 001 plane 
was used to calculate the interlamellar distance using the Bragg’s law. Based in these 
results it is possible to see that there is clay that was not intercalated by the 
polypropylene chains. In fact, both clays presented peaks shifted to higher angles, 
corresponding to a decrease of approximately 1nm in d001. This result reinforces the idea 
that the cocatalyst may have reacted with the organic modifier of the clay, washing it 
out of the clay galleries, and consequently reducing the interlamellar d001.  
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Figure 24. XRD patterns of the modified montmorillonite and nanocomposites prepared 
by in situ polymerization without SCF pre-treatment. 
The dispersion level of the clays in the nanocomposites obtained by in situ 
polymerization was studied by TEM and the results are presented in Figure 25. The 
PP/MMT nanocomposites prepared with Cloisite 15A presented agglomerates around 2-
5m long and 0.5-1.0m thick with hardly any signs of exfoliation. The nanocomposite 
prepared with Cloisite 93A, in turn, presented better dispersion, with agglomerates 
around 0.5-2m long and 0.1-0.2 m thick. Although the Cloisite 15A presents a more 
hydrophobic characteristic than the Cloisite 93A, which would suggest a better 
interaction with polypropylene, it is necessary to consider that the nanocomposite C15A 
has a much higher clay loading and this could explain the reduced dispersion of the 
montmorillonite in this nanocomposite.  
These results indicate that the Cloisite 93A is the most appropriate clay in 
obtaining PP/MMT nanocomposites via in situ polymerization (without using 
supercritical fluid) due to the combination of good dispersion of the clay and good 
catalytic activity. Thus this clay will be used in the next section to prepare 
nanocomposites using supercritical propylene. 
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Figure 25. TEM images of the particles of PP/MMT nanocomposites embedded in 
epoxy resin: (a) C15A, (b) C93A. 
4.3.2 In situ Polymerization with Supercritical Fluid Pre-Treatment 
In this section the effect of pre-treatment of the clay in four different 
supercritical conditions on the properties of PP/MMT nanocomposites is discussed. 
Table 7 presents these supercritical conditions used in the pre-treatment of the clay. 
Four supercritical conditions were selected, each condition is indicated with a point on 
Figure 26: 
 point 1 is slightly above the critical point 
2 m
500 nm
(a) 
(b) 
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 point 2 is close to the critical temperature with pressure well above the 
critical point 
 point 3 has both pressure and temperature well above the critical point 
 point 4 is near the maximum pressure and temperature limit of pressure 
vessel used for this experiment  
Additionally, Figure 26 and Figure 27 show the conditions of pressure and temperature 
used in the pre-treatment of clay before and after catastrophic decompression in the 
reactor. The initial points are clearly defined since the pressure vessel has good control 
of temperature and pressure. The final conditions are given as a range due to the 
temperature lag in the reactor autoclave. The actual path in the phase diagram that the 
mixture of supercritical propylene and Cloisite 93A took during the decompression 
towards the reactor is not known at this time and it was not part of the scope of the 
research present here to determine it. 
Table 7. Supercritical conditions used for the pre-treatment of the clay prior to in situ 
polymerization. 
Condition Temperature
1
 (ºC) Pressure
1
 (psi) Density
2
 (kg/m
3
) 
PP* 92 700 230 
1 92 700 230 
2 125 
 
5500 
 
471 
 
3 190 
 
5000 
 
400 
 
4 200 
 
5750 
 
410 
 
* without clay. 
1
 in the pressure vessel. 
2
Supercritial propylene density obtained from diagram. 
 
The catalyst activity of PP produced by the conventional method and the PP 
produced by the addition of supercritical propylene are presented in Table 8. The results 
show that the simple addition of supercritical propylene does not affect the productivity 
of the catalyst with both reactions (PP and PP*) producing similar yield. 
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Figure 26. Conditions of pressure and temperature used in the pre-treatment of clay 
before catastrophic decompression in the reactor. 
 
Figure 27. Expected range of pressure and temperature after catastrophic 
decompression of the clay in the reactor. 
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Table 8 lists the polymerization reactions loading clay treated with supercritical 
propylene (Reactions 1-4), the polymerization reaction with Cloisite 93A without 
treatment with supercritical propylene (Reaction C93A), the polymerization reaction 
loaded with supercritical propylene without clay (Reaction PP*), as well as the 
polymerization reaction without Cloisite 93A and supercritical propylene (Reaction P, 
same entry in Table 5 is added to Table 8 to facilitate comparison). 
Table 8. Catalyst activity and clay loading of the PP and nanocomposites prepared with 
Cloisite 93A under supercritical conditions. 
Reaction Yield (gPP) 
Productivity 
(kgPP/molTi) 
Relative 
productivity (%) 
Clay loading
1
 
(%) 
PP 50.7 507.4 100.0 0 
C93A 48.0 480.0 94.6 3.4 
PP* 
50.3 503.0 99.1 
0 
1 
27.9 279.0 55.0 4.7 
2 
30.0 300.0 59.1 3.8 
3 
31.0 310.0 61.1 3.5 
4 
15.2 152.0 30.0 6.7 
0.10mmol Ti; 15.0mmol Al, 60°C; 70psi, 1 hour. 
* without clay. 
1
measured by TGA. 
 
Adding the clay treated with supercritical propylene to the autoclave reactor 
using the decompression affected the productivity of the catalyst. The productivity of 
the catalyst was reduced to approximately 60% for Reactions 1-3 (using supercritical 
propylene at points 1-3) when compared to Reaction PP.  
Reaction 4 (using supercritical propylene at point 4) presented productivity of 
only 30% compared to Reaction PP. These results are lower than adding clay without 
the supercritical pre-treatment as shown in Table 5. One possible explanation is that the 
supercritical pre-treatment is promoting better exfoliating of the clay exposing more of 
this surface, with in turn can react with the cocatalyst as discussed in the previous 
session. The Reaction 4 used clay treated with supercritical propylene at the highest 
pressure and temperature (200
o
C), which may have also contributed to change the 
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chemical composition at the surface of Cloisite 93A by extracting the quaternary 
ammonium salt. Reports in the literature have shown that Cloisite 93A has a thermal 
stability above 200
o
C [43]. But the in the supercritical propylene the high diffusivity of 
the supercritical fluid may have contributed to removal of the quaternary ammonium 
salt. At the present moment there are no information to provide a definite explanation 
for the decrease in activity.  
Another reason for the reduced catalytic activity could be the reduced transport 
of propylene towards the catalyst particle due to the presence of the clay on the surface 
of the polymer particle forming a barrier to the diffusion of propylene. Other reports in 
the literature [12] have concluded that distribution of clay at the nanoscale within a 
polymer matrix can reduce permeability to gases. 
Figure 28 shows the FTIR spectrum of polypropylene obtained with (PP*) and 
without (PP) addition of supercritical propylene. Again, using the Burfield et al. [117] 
method, it was possible to determine the isotacticy index (II) of the PP molecules. The 
II for the polypropylene produced with addition of SCF, PP*, was 1.02±0.06, compared 
with 0.98±0.06 for the PP. This indicates that the addition of SCF does not affect the 
tacticity of the resulted product. 
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Figure 28. FTIR spectrum of polypropylene obtained with (PP*) and without (PP) 
addition of SCF. 
As previously discussed, the II of the nanocomposites cannot be measured by 
FTIR, however the high melting temperature and crystallinity presented in all 
nanocomposites, as shown in Table 9, indicate high isotacticity of the polypropylene 
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chains. Once again, the nanocomposites showed crystallization temperatures slightly 
higher than the pure polymer indicating that the clay acted as a nucleation agent. 
The morphology of the polymer particles obtained from the autoclave reactor 
can be discussed at three levels of hierarchy: 
 Powder or aggregates: Visible to the naked eye, it is formed by a growth 
of polymer around a single catalyst or by agglomeration of those polymer 
particles. Its structure is highly dependable in the reactor conditions such 
as temperature, type of solvent, filtration and drying.  
 Polymer particle: Formed by the fragmentation and growth of 
microparticles of the catalyst staying together. The individual polymer 
particles can be 10 to 1,000 times bigger than the original catalyst 
particle. The size and shape of the individual polymer particles depends 
on the reaction rate, fragmentation mechanism and characteristics of 
polymer formed around the catalyst support (solubility of polymer 
chains, modulus and strength of polymer) It also replicates the shape of 
the catalyst particle.  
 Microparticle. This morphology deals with the smallest particles formed 
around the individual catalyst active sites.  
Table 9. Thermal properties of PP and PP/MMT nanocomposites 
Reaction Tc (ºC) Tm (ºC) Hm (J/g) Crystallinity (%) 
PP 116 164 93.6 45.2 
C93A 121 166 98.1 49.0 
PP* 117 164 93.6 49.5 
1 
122 166 101.0 51.2 
2 
124 165 85.3 42.8 
3 
121 166 100.2 50.1 
4 
124 164 81.4 42.3 
0.10mmol Ti; 15.0mmol Al, 60°C; 70psi, 1 hour. 
* without clay. 
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In Figure 29, it is possible to observe these three levels of hierarchy. In the 
inset of the SEM images, it is possible to see the microparticles of polymer. They 
present globular structures with approximately 1m in diameter in both PP and PP*. 
The polymer particles were also very similar for these two samples, presenting 
spherical shape with size around 50m. The results indicate that in the 
polymerization conditions allowed the catalyst to maintain its morphology which is 
very desirable for industrial applications. 
 
 
Figure 29. Photographs (left) and respective SEM images (right) of polymer particles of 
PP obtained by without  (PP (a)) and with (PP* (b)) the addition of SCF.  
The images on the left side of Figure 29 show the powder structure for PP 
and PP*. As seen previously, their microstructures are very similar, however their 
powder structures appear very different, with the PP showing a fine powder while 
PP* displaying large agglomerates. This is a result of their processing and history 
associated to recover the product from the reactor, with PP* agglomerates being 
formed during filtration.  
The morphology of the nanocomposites obtained by in situ polymerization with 
addition of supercritical propylene are presented in Figure 30. The addition of clay and 
its exfoliation mechanism adds another level of complexity to the mechanism of 
(b) 
(a) 
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polymer particle growth. It is possible to see that the microparticles morphology is still 
present in the polymer particles, indicating that the polymer was not solubilized during 
the polymerization in none of the samples. This is expected because the measurement of 
crystallinity indicated that the polypropylene is capable of crystallizing in the solid 
state. Therefore it is concluded that the solubility of polypropylene chains being formed 
during the polymerization were not affected by the addition of clay treated with 
supercritical propylene. 
Although no change was observed in the microparticle structure, a significant 
modification was observed in both the polymer particle and powder structure of the 
nanocomposites when compared with pure PP. This could be attributed to an uneven 
fragmentation of the catalyst promoted by the clay and consequently the loss of control 
of the morphology of the polymer particle. The polymer particles in the nanocomposites 
present irregular shape with sizes several times bigger than those in the pure PP.  
Uneven fragmentation of the catalyst should produce smaller particles; however 
the precipitation of clay in the surface of these particles is, somehow, keeping them 
together. The Figure 23 supports this supposition. 
The dispersion of the clay in the nanocomposites prepared with SCF pre-
treatment was evaluated using XRD and TEM. The XRD patterns of the clay and the 
nanocomposites prepared with different supercritical conditions are presented in Figure 
31. It is not possible to see the diffraction peak in the sample 1, what could indicate a 
complete exfoliation of the clay. Sample 2 did not present any shift in the peak position 
indicating no variation in the interlamellar distance. However, sample 3 and 4 presented 
peak shifted to higher angles, corresponding to a decrease in d001 of approximately 0.5 
and 0.7nm, respectively. This reduction could be ascribed to the degradation or 
extraction of the quaternary ammonium salt by high temperature or, as mentioned 
before, to its reaction with the cocatalyst.  
The dispersion level of the clay in the nanocomposites obtained by in situ 
polymerization with and without SCF pre-treatment are presented in Figure 32. The 
nanocomposites prepared using supercritical pre-treatment clearly displayed higher 
exfoliation level than the sample prepared without SCF pre-treatment. The exfoliation is 
observed because relatively thin particles were obtained. In regard to the samples 
prepared with SCF, there is no clear trend relating the supercritical conditions with the 
exfoliation level. Samples 1 and 3 presented very high exfoliation levels with clay 
particles ranging from 10 to 30 nm thick and 100 to 700nm long.  
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Figure 30. Photographs (left) and respective SEM images (right) of polymer particles 
obtained by in situ polymerization with addition of SCF. Reactions: (a) 1, (b) 2, (c) 3, 
(d) 4. 
(a) 
(b) 
(c) 
(d) 
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Figure 31. XRD patterns of the modified montmorillonite and nanocomposites prepared 
by in situ polymerization without (C93A) and with SCF pre-treatment (1-4). 
Although samples 2 and 4 presented better clay dispersion than sample prepared 
without SC propylene (C93A), the clay dispersion was lower than samples 1 and 3. 
Samples 2 and 4 showed clay particle size with width around 100 to 200nm and length 
around 600 to 2000nm. 
 
 
 
 
57 
 
 
 
 
Figure 32. TEM images of PP/MMT nanocomposites prepared by in situ 
polymerization with Cloisite 93A polymerization without supercritical propylene 
(sample C93A) and with Cloisite 93 using supercritical propylene treatment (samples 1-
4, corresponding to Reactions 1-4 in Table 8).   
(C93A) 
(1) (2) 
(3) (4) 
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5 CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusions 
It is well established in the literature that the exfoliation of the clay strongly 
improve the properties of polymer/montmorillonite nanocomposites. In this work, the 
use of supercritical propylene to produce polypropylene/clay nanocomposites via in situ 
polymerization was studied. 
The results showed that it is necessary to optimize a series of parameters in order 
to achieve high levels of exfoliation of the clay in the PP matrix. The main points are 
presented below. 
Choice of solvent and clay: Montmorillonite has a strong polar character, 
which is reduced when the clay is modified by ammonium quaternary salts with long 
alkyl chains. However this clay still presents limited compatibility of solvents with very 
low relative polarity such as hexane and cyclohexane (Table 4). Thus a solvent with 
higher polarity should be used in order to disperse the clay. However, Ziegler –Natta 
catalyst are very sensitive to polar solvents limiting the number of solvents that can be 
used during polymerization. The best solvent in this case should be a hydrocarbon with 
relatively high polarity, such as toluene. The clay modifier must promote good 
dispersion in the solvent and promote no or little reduction in the catalyst activity. 
Cloisite 93A was the clay that presented the best properties among the ones tested in 
this work. 
Solvent-clay mixing conditions: The results showed that mixing condition 
presents an important parameter affecting the clay dispersion in the solvent.  The use of 
a sonication bath was much more effective in swelling the clay than manual mixing. It 
was assumed that the supercritical propylene would swell the clay quickly due to its 
high diffusion coefficient; however further testing is needed to confirm it. 
Catalyst Performance: The addition of clay to the polymerization reactor 
reduces the productivity of the catalyst. The causes of this reduction are not completely 
understood but they can be related to consumption of cocatalyst or formation of a 
diffusion barrier to the transport of monomer. An interesting aspect of the catalyst 
performance was the high isotacticity of the polymer molecules which is crucial for 
obtaining polypropylene with good mechanical properties. 
59 
 
The addition of clay also led to the loss of control of the polymer particle 
morphology. This problem is a serious restriction to the application of this method in an 
industrial application and it should be further studied. 
Clay pre-treatment: Although the addition of the clay promoted a reduction of 
the catalyst performance, the pre-treatment of the clay with supercritical propylene 
strongly improved the exfoliation level of the clay in the PP matrix when compared 
with PP/MMT nancomposites prepared by in situ polymerization without the pre-
treatment of the clay with supercritical propylene.  
 
5.2 Recommendations for Future Works 
Although good exfoliation results were obtained in this work, the author 
suggests that the following evaluations should be carried out in order to better 
understand the polymerization and exfoliation mechanism and their results in the 
PP/MMT nanocomposites properties. 
 Improve the mechanism to force the propylene molecules inside the clay 
galleries by adding mechanical agitation or even sonication in the high pressure 
vessel with propylene at supercritical state.  
 Design an apparatus with a sapphire window in order to observe the behavior of 
clay swelling in different supercritical conditions such as: pressure, temperature 
agitation and time. 
 Evaluate the clay degradation due to the effect of time, temperature and 
pressure under supercritical conditions. FTIR, TGA and X-ray are simple 
techniques that might be used to detect it. 
 Evaluate the interaction between the ammonium quaternary salt used to modify 
the clay and the cocatalyst. 
 Evaluate the influence of non-supported catalyst, such as metallocenes, on 
polymer production and clay dispersion. 
 Carry out a polymerization in an gas-phase reactor. 
 Evaluate the PP/MMT nanocomposites structure and properties such as: 
molecular weight, mechanical properties, thermal properties, barrier properties 
and flame retardancy properties. 
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 Evaluate other nanoparticles such as: graphite, nanocellulose, cabon nanotubes 
and silicon whiskers. 
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Appendix A. Pressure vessel and fixtures from Parker Autoclave 
Engineers. 
Parts used to assembly the pressure vessel. 
Description Quantity Item SKU 
High pressure 
vessel 
01 KD10.3SS11 
Tubing Nipple 08 CN6603 
Cross 01 CX6666 
Tee 01 CT6660 
Safety head 01 CS6600-3/16F 
Rupture disc 06 P-7032 
Pressure gauge 01 P-0482-GC 
Valve 02 30VM4071-TG 
Adapter 01 6M64B2 
Adapter 01 15M62B1 
Thermocouple 01 MTCSK06024 
Elbow 01 CL6660 
Nut 01 SMNIO 
Sleeve 01 SSLIO 
Adapter 01 15M64B8 
 
 
 
 
 
 
  
69 
 
Appendix B. Polymerization reactor and pressure vessel for supercritical propylene. 
, 
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Appendix C.  Selected pictures showing clay swelling test results. 
All pictures present the clays in the following order from left to right: Na+, 10A, 
15A, 20A, 30B, 93A, I.44P and I.31PS. The solvent, mixing condition, and settling time 
are described in the figure caption. 
 
Figure 33. Chlorobenzene, manual mixing, zero day. 
 
 
Figure 34. Chlorobenzene, ultrasonic bath, zero day. 
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Figure 35. Chlorobenzene, ultrasonic bath, 28 days.  
 
 
Figure 36. Toluene, manual mixing, zero day.  
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Figure 37. Cyclohexane, manual mixing, one day.  
 
 
Figure 38. Hexane, manual mixing, 1 day.  
 
 
